Superresolution microscopy (SM) techniques are among the revolutionary methods for molecular and cellular observations in the 21 st century. SM techniques overcome optical limitations, and several new observations using SM lead us to expect these techniques to have a large impact on neuroscience in the near future. Several types of SM have been developed, including structured illumination microscopy (SIM), stimulated emission depletion microscopy (STED), and photoactivated localization microscopy (PALM)/stochastic optical reconstruction microscopy (STORM), each with special features. In this Minisymposium, experts in these different types of SM discuss the new structural and functional information about specific important molecules in neuroscience that has been gained with SM. Using these techniques, we have revealed novel mechanisms of endocytosis in nerve growth, fusion pore dynamics, and described quantitative new properties of excitatory and inhibitory synapses. Additional powerful techniques, including single molecule-guided Bayesian localization SM (SIMBA) and expansion microscopy (ExM), alone or combined with super-resolution observation, are also introduced in this session.
Introduction
The molecular diversity inherent in brain is much larger than in other organs. For example, molecular and cellular neuroscience techniques have revealed a multitude of synapse-associated proteins that shape basic neuronal transmission. To understand the precise roles of these proteins, knowledge of the localization and positional relationships is essential. Unfortunately, the diffraction limit of conventional optical microscopy (ϳ200 nm) precludes analyses of such information, because neuronal structural components are highly compressed within the narrow areas of synapses. In this Minisymposium, experts describe their experiences with innovative devices for super-resolution microscopy (SM) devised in the this century. We also introduce two additional associated techniques. These methods all use different principles to overcome optical limitations of conventional microscopy and are as described below.
Structured illumination microscopy (SIM) . SIM can reconstruct the fine structure of cells by calculating the interference (moiré) patterns induced by irradiation with striped-pattern excitation light (Gustafsson, 2000) . With SIM, approximately 100 nm in lateral dimensions and 300 nm in the axial dimension can be visualized. Super-resolution images are easy to obtain with SIM, as it utilizes typical fluorescent dyes (Demmerle et al., 2017; Richter et al., 2018) . (Hell and Wichmann, 1994) . A typical single-point scanning STED microscope superimposes the excitation beam with a doughnut-shaped STED beam to instantly quench molecules at the periphery of the excitation spot, thereby confining fluorescence emission to the doughnut center (Hell, 2007) . This method of saturated quenching produces a fluorescent spot far below the diffraction limit to yield a subdiffraction resolution image. As a result, STED microscopy offers high temporal and spatial resolution (Hell, 2007) , reaching approximately 60 nm every 26 ms as described in a study of fusion pore dynamics (Shin et al., 2018) .
Stimulated emission depletion (STED) microscopy
Stochastic optical reconstruction microscopy (STORM)/photoactivated localization microscopy (PALM). In PALM, individual fluorescent protein molecules are repeatedly photoactivated with a low-intensity light, imaged, and photobleached (Shcherbakova et al., 2014) . The super-resolution image in PALM is reconstructed by merging all the localized single-molecule positions. PALM imaging combined with clustering analyses can be used to investigate in a more quantitative manner the scaffold protein distribution at the molecular level.
Single molecule-guided Bayesian localization (SIMBA) SM: Three remarkable advantages of SIMBA are its (i) exceptional spatial (50 Figure 1 . SIM reveals intracellular 3D distributions of individual actin filaments and vesicles labeled with GFP-synaptophysin in growth cones. (A) Left, F-actin (magenta) and GFP-synaptophysin (GFP-Syp; green) in a glutaraldehyde-fixed growth cone of a neuroblastoma NG108 -15 cell. Right, enlarged image of the region marked by the dashed box on the left. The focus plane on the right was 330 nm higher than on the left, which focuses on the bottom of the growth cone. The GFP-Syp signals were detected in the vicinity of the filopodia (arrows in the left panel) and actin bundles (arrowheads in the right panel). (B) Color maps repsenting the height of F-actin from the substrate, in the growth cone shown in (A). Note that the central (C-) domain is obviously thicker than the peripheral (P-) domain. Most actin bundles are red in the C-domain, indicating that they are farther from the substrate. The color/height gradually decreases from the C-domain to the leading edge, suggesting that F-actin bundles are distributed along the dorsal/apical surface, but not along the basal surface, in the growth cone (Nozumi and Igarashi, 2017) (C) Color maps representing the height of GFP-Syp from the substrate in the growth cone shown in (A). By comparing the color map of GFP-Syp with that of F-actin, it is possible to determine which Syp-positive vesicles were close to F-actin bundles, which side of the bundle they were on, and what shape they have nm) and temporal (0.5 s/image) resolution, (ii) large field of view, and (iii) applicability for long-term live-cell imaging.
Expansion microscopy (ExM): Whereas current SM methods are difficult to apply to large or thick three-dimensional specimens, ExM uses the isotropic swelling of a dense, crosslinked polymer network of polyelectrolyte hydrogel materials to which key biomolecules or labels (e.g., GFP, antibodies) are covalently anchored. The addition of water to the preserved specimen causes the hydrogel to swell enormously (ϳ4.5ϫ in linear extent or ϳ100ϫ in volume) Chang et al., 2017; Karagiannis and Boyden, 2018) .
In the sections below, we describe some novel insights gained by using these revolutionary methods as well as recent advances that strengthen SM techniques.
SIM reveals associations between F-actin organization and membrane trafficking in growth cones
Growth cones are highly motile structures at the tips of growing axons during neuronal development and regeneration. They guide axon growth via chemotaxis and they form synapses after reaching a target (Lowery and Van Vactor, 2009 ). The thick area of the central domain of growth cones is rich in microtubule and organelle, whereas the peripheral domain, comprising F-actin, is thinner ( Fig.  1 ). In the peripheral domain, branched F-actin constructs a sheetlike protrusion, called a lamellipodium, while unbranched filaments bundle together to form a slender protrusion, called a filopodium, at the growth cone's leading edge. To better understand the molecular basis of neuronal growth, the precise relationship between F-actin and the plasma membrane must be defined. However, there has been little progress despite the 3D elucidation of the growth cone structure, because the peripheral domain is small and thin (Ͻ1 m).
Using SIM, we examined the precise localization of ϳ100 proteins identified by proteomic analysis of mammalian growth cone (Nozumi et al., 2009 (Nozumi et al., , 2017 (Fig. 1 ). Our analysis suggested that the bundling of F-actin is linked with local endocytosis at the leading edge (Nozumi et al., 2017) . The observation of growth cones by 3D-SIM showed novel 3D intracellular structures and associations that could not be imaged with sufficient resolution using conventional confocal microscopy.
STED imaging reveals hemifusion and fusion pore dynamics in live cells
Fusion is thought to occur through two mechanisms: the merging of the proximal leaflets of two bilayers (hemi-fusion), followed by distal leaflets to open a pore, or alternatively, by the formation of a proteinlined pore followed by the merging of lipid bilayers . The intense debate between these two hypotheses has recently been resolved with STED microscopy at live cells . Bovine chromaffin cells were transfected with EGFP or mNeonGreen attached to phospholipase C⌬ PH domain (PH) which labels the cytosolic-facing leaflet of the plasma membrane (PM). With Atto 532 (A532) is in the bath, fusion generates PH-labeled ⍀-profiles containing A532 spots, due to PH diffusion in the membrane and A532 diffusion in the solution ( Fig.  2A) . PH-labeled ⍀-profiles can appear at the same time as the A532 spot or appear alone without A532 spot ( Fig. 2A-C) These results indicate that hemi-fusion (PM and vesicular cytosolic-facing leaflet fusion) is the first step to fusion .
Fusion opens a pore to release transmitters and the rate of opening controls the rate of release. However, fusion pore has not been observed in live cells. The regulatory mechanisms are thus poorly understood. STED microscopy of PH/A532 in live chromaffin cells revealed dynamic fusion pore containing 180 -720 nm vesicles revealed dynamic fusion pore behaviors, including opening, expansion, constriction, and closure of 0 -490 nm pores within 26 ms to seconds (Fig. 2D-G) (Shin et al., 2018) . These dynamic pore behaviors determine the rate of release of vesicular contents, such as the fluorescent false neurotransmitter 511 (FFN511) or neuropeptide Y-EGFP (Fig. 2H-I )(Shin et al., 2018). Dynamic pore behaviors are generated by competition between pore expansion mediated by F-actin-dependent tension and constriction mediated by calcium/ dynamin (Shin et al., 2018) . These findings provide the missing live-cell evidence proving the fusion-pore hypothesis, and establish a live-cell dynamic-pore theory accounting for fusion, fission and the regulation of these processes Shin et al., 2018) .
SM for the study of GABAergic synaptic plasticity at the single-molecule level Postsynaptic scaffolding proteins are key factors for the functional organization of synapses, and the mobility of the neurotransmitter receptors, with which these scaffolding molecules interact. At inhibitory synapses, gephyrin is present at a 1:1 ratio with receptors (Specht et al., 2013), suggesting that changes in gephyrin clustering may alter the number of receptors at the synapse and thus the strength of synaptic transmission. During inhibitory long-term potentiation induced by chemical stimulation, gephyrin redistributes from extrasynaptic to synaptic areas, thereby enhancing the clustering of synaptic GABA A receptors (Petrini et al., 2014) . STORM is ideal for investigating single-molecule localization at the nanoscale level including the reorganization and distribution of synaptic receptors, such as GABA A receptors (Fig. 3A) , and scaffold proteins (Pennacchietti et al., 2017), such as gephyrin (Fig. 3B) , under conditions of plasticity. For more quantitative investigations of scaffold protein distribution, PALM imaging has recently been combined with clustering analyses showing the formation of gephyrin nanodomains at the synapse (Fig. 3C) . Nanoscale molecular imaging in brain circuits by STORM superresolution imaging STORM superresolution imaging has been used to demonstrate that the chemical synapse can be divided into functionally distinct nanodomains at both the presynaptic and postsynaptic sides (Dani et al., 2010; MacGillavry et al., 2013; Nair et al., 2013; Specht et al., 2013; Tang et al., 2016; Sakamoto et al., 2018) . We recently combined STORM superresolution imaging and confocal microscopy to measure molecular distributions at the nanoscale level in selected cells and in identified subcellular compartments (Fig. 4, 5 that it permits the study of molecular targets that are present abundant throughout tissues, but present in limited quantitites within the selected target cells and subcellular domains. This ability is due to the single-molecule nature of STORM imaging, which contributes to a substantially improved signal-to-noise ratio. This is an especially advantageous for distinguishing low intensity, but specific immunofluorescence labeling from the high autofluorescence background usually present in brain sections. By exploiting these advantages of correlated STORM and confocal microscopy, we recently to demonstrated the presence of ribosomes in the axon terminals of specific GABAergic interneuron types (Younts et al., 2016) .
STORM imaging in combination with other microscopy methods and electrophysiological technologies will contribute to a better understanding of the cell-type-and subcellular compartmentspecific nanoscale molecular principles, which govern synaptic and other signaling mechanisms in brain circuits (German et al., 2017) . In addition, STORM will help us understand the specific molecular changes underlying normal and abnormal plasticity processes in the brain.
SIMBA SM
Previously, we combined single-molecule localization and Bayesian analysis of blinking and bleaching to develop a new superresolution technique called SIMBA . This technique was used to examine the endoplasmic reticulum, an expansive and dynamic organelle comprising two types of structures, interconnected tubules and flattened sheets, according to models supported by conventional fluorescent microscopy. However, endoplasmic reticulum superresolution images reconstructed by SIMBA clearly show that the structures that appear as sheets by total internal reflection fluorescence microscopy are actually dense tubules surrounded by large empty areas (Fig. 6) . The results are highly consistent with those of recent works by Lippincott-Schwartz and Blackstone (Nixon-Abell et al., 2016) in which a combination of five super-resolution technologies were used to demonstrate that "many structures previously proposed to be flat membrane sheets are instead densely packed tubular arrays." SIMBA imaging can clearly resolve mature clathrincoated pits as hollow rings (Fig. 7) , whereas a recently developed technique utilizing superresolution radial fluctuations (SRRF) could not ( Figure 7B , yellow boxes). As SIMBA requires fewer raw frames and is relatively insensitive to background fluorescence, it holds great potential for SR imaging of thick samples, such as brain slices, tissues and organisms in neuroscience with high spatial-temporal resolution.
ExM
Following the initial discovery that it was possible to isotropically swell a preserved biological specimen through hydrogel embedding, mechanical homogenization, and water swelling , three independent groups showed how to bind off-the-shelf chemicals to proteins, including labels such as GFP and fluorescent antibodies (Chozinski et al., 2016; Ku et al., 2016; Tillberg et al., 2016) . These protein-retention forms of ExM have been applied to visualize a variety of proteins within synapses, axons, dendrites, and glia in brains of species ranging from Drosophila to mice and to humans. Given much interest in neural circuit tracing, or connectomics, ExM protocols have also been developed to enable mRNAs to be anchored to the swellable polymer, expanded away from each other, and then visualized with fluorescent in situ hybridization, a method in which individual molecules (i.e., mRNAs) are difficult to discern within thick intact tissues . Going forward, new kinds of polymer chemistry may enable even finer scale visualization, and new kinds of microscopes and algorithms may enable scalable imaging and analysis of increasingly large datasets from the brain, providing spatial precision across large-scale structures (Fig. 8 ).
Discussion and Conclusions
Since SM was first applied to neuroscience (Kittel et al., 2006; ; see also Tønnesen and Nägerl, 2013) , more than ten years have passed. During this time, in addition to the results which we describe here, some of the important progress, such as the new structure of the axon initial segment or the new methodology of the observation of living extracellular space in brain (Tønnesen et al., 2018) , have been reported. SM enables precise visualization of endocytosis and exocytosis and quantitation of synaptic receptors, with further advances possible with new methods such as SIMBA and ExM. SM should not be used for the simple confirmation of views derived from electron microscopy. Rather, SM can be used to unmask and resolve molecular structures and dynamics in physiological and pathological events. From this Minisymposium, we hope more neuroscientists will utilize these technologies, first to identify such events that cannot be observed in conventional microscopic fields and then to establish revolutionary concepts.
